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L.D. Landay and 5.1, Pekar

Sumnary
1t 1a proposed that L@ crrrantecarrier In eryetalo with idonie
TabLice 18 not €.@ gonal conductance electron, tot the polaren. The
connurvalive motion of ¢ @ polaren is considered 88 & whole. Tue
onarpy of the system is elven 88 & function of C:@ polaton's ferward
notien; the polaron's aguation of motion in an ertepral Liwld ds alao

Lound,

Iatroduction

T

The present theory of elictron conduction in divleclrice and seni-

couducbors seowies that t.e conductance electron moves in one of the .
fpermisuible® @nermy aoncd of the crystal, tut the electron's waves
function (peiefunction) reprosents & wave wioze aupliivde i eomslant in
the whole wolume of tio crystale The prescicg in e e cbad of fofa
Lidden zoned 18 experinentally wepili-d: tnie is torne oul by U very
fact of tie existence of dielectrice, by etudies on tie tempazatife deoa
pendence of electrical conductivity, by the internal photoeflecty BP
photoelTect of metals in dielectrics, etc. Dther coaracterietic Seatvies
of this thcory have not found direct experimental confirmation, b o
sometines even contradict known e.*:pqr:i.mental factse. ) °

But $1288 of 813 (ab Joast Lo 20nic cTyetels) 1% 10 faCeNssTY 47 ]
indicste 2@ Antornal contredictions of t:e pressnt Seorys Malf,
ssuadly 40 @ disceanion of §50 qrantun states of @ eenduelanss GINT0D
it e mmmsmmmmumummammum
in this axmt!on Lo olectron 36 "o wmm £1030, 81%atlly, Deveme,

. °
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the dfong mive wud e cleclronis state Lollows adiatatically Lue motion
of the lona, 8.1, loiar congidersd such a motion [lj and showed
that o conduclance sloelron Ly ils own electrical fleld vill, dlelectrioally
polarize an lonic eryvtal, 1L turns out that even in Lue very Lopdoning
of Lie polarivation process a polaried cryutal presents for oan electren
4 potentdal hele wilio digerate apselrwng tuk Lhe eloclron, having gpent
part of' ita enerey in pelarizabion of L crvstal, passes tn a discrete
lovel dn a local stute; thcrenpen podarigation of the cryatnl is intane
milfded, lut Whe eleciron'a leved and the energy of the unbire syuten
are leworod,  mpilileium oots in wian the enerpy of tic unliru syeLom
reashes aombodunmy do L.0g sitaalion 1o Cermed 1 o polaren, whieh wag
conuddered dudebadl Ly ene ol Uhe aubhors in provious vorks L2, 37,
hug bhe sonal ohabe ol n condicbance wlocbron dngs tob corraspond be ;
an extromum of Lo grobom'e cherpys bint s, blo state is mstalla, !
Slow condirctunece oluctrons must conbinuensly pass to tie polaron ylatae, .
The Lime of collapge Lor Lie zonal slube of a slow clectron musl be of
b.e order of 10-3 secoudy conconquently ib is necessary bo reconsider
l : the fundamentalsel tie existing tlicory of comduetance, "
Sole boiar [3, b7 crpressed & new point of view on bhe electron
conductivity of loule cnstals, according %0 which (point of view) the
currantecazrior 1s t.@ polaron and not ue free electron in a zone of
: condietivitye A polaron 4n an oxtornal edectricad ficld must move Like
A nerative clarzey dn tris altuation the entire local state as a whole
x mint tae displaced or ahifted alang the £102d €8® inertial polarization
| of & eryatal st Sollov t:@ poleron's movemnt)s Tue calculabed wobilisy
of a polaron [0 7, 20 Tavpect €0 508 ovder of olZaitude, exactly agrees
with S notdlity of & cusrentecarrler as doternined experimentally and
eqrals e produet of eloctelesd canduetivity Rdmes tis fall constang, %‘o,"ot
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. the nficetive  ne af L& solaron
- 30 . . ' . - .
° Intoe dialsclrical polarizalion or an lanle eryotal one can dige

Elomdsh an dneytial and g non=nertled pert ['L'J. The noneinertial

park ol polarizatlion ls crarvcturlevd &P e guare of Log index of re

Fraction of Lok (Do Lie merjen wiere tie dimperslon cirve Las a prlate

cun); it te arsumed tiat thie part follows coardelely the wotion af (he

coudnclance cloetran, Az m resilt of tig nonednerlial polarization of

te criatal'e nodes by an electron’s field tils electron Io i ted upon

Yy an additiensd Torce wiie {force) poseenses tie ciindy ar Lo Lathieoy

tnle force ve ehell jnclide in t.e total reriodic potunlinl of Lig oleahiron

intee crvslul,  n ofdes tn solve future rroblems uc can uliline thy - i

Wall lnown sietliod of 2.9 ¢ffective sase of an electzon [57; wal i, .“

ole Can dmore perindle noleitial Yy replacin® at nnco U oloclron'y

mass Ly Lhe oqnivalent mass ny ’& . - '
the nssuuptions at t.¢ vlectron's state ”G‘, t) foliowa

adiababically Lie nouinw of S.e fons aul also Lat & e radlus of tie pale

2
slate (Schroudin ap op pave zate) mxcoods the lattlice constand 1e M °. .’

i o Lac Lollowing: exnressiog Sop &a enersy H of 8im o 2tem

W= CL)fivel e — [ Bl +¢4, W
llere /"o“c'r“, t) is tie inestiad part of L@ specific polarieatisn ofa
dielectric [2_7; shd

Dlyr= e | 4G/ {7 Bty Pl @
, 18 the quanbum=mechanical moan-value of %.e wloctrostatic Induetion

of the clectron, In Formula (1) the first term represents the kinetie
energy of the electron, and the second form represents the energy of
interaction between electron and polarized crystal; but Up is the total
:",«“ energy of the crystal under the assumption that the electron is
suddenly expelled (remote)—namoly, Up is the 1’)0‘ten'bie£l and kinetic energy
of the ions,

— e
FNote : Lettors wvp arroms 7 V, D etc , are vecHors,
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In aceerdance with $.4 va*iationad principle of quantum ueehanies
(wilel reincyyle Teplaces the Scireedinsor £quation), t'e expressions
25t wa Y5 are deteruined, Lor yuch'abslzned polariiation,
as the winimum of L@ functiomal (3,. with tue additionad eonditinn:

f llare=/ (3)
enuseqrientiy

(;’7;‘”’3 /7%/‘({1"" FS.E?“]/T: 0. (h)

Murtieriore 1ot 18 a3sung Laat pof Is already determined in thils IAnGeRy

;

tenu ip tiw aalltonian finctien, w ich descrites the motinn of
inne in & crvrtals )
let v apauze AL tie errztal £8 & avetenm of lonz executing smald
haruenic oscillations and 1t ns express I! bty svitatle normal coordinates
aud velacitien of tie longs J[he motion of tie ions i dowmimg\{m |
ordinary canonical "aultonian equationss {aquation(l) mist ie taken into
‘ account in Y.e differantiation o!.’.n) Ticee latter equations are equat-
‘e iong of tie ferced oscillatians of fons 1ndur tue action of tio ropee
(T2} .
Let vg condlder the partial cate of & motion where tio polayon moves
forward 33 & whole with the wcloamloclty"s tat is, wnore: .
pe=yg (F—- W) , DmBrr-V1), ;‘-7(8-70 (5)
Expaading™D ad’p P into Jourier series

$

| 7 ’Z’ﬁ or(,':') 3 ‘.(#an) ) ;
- SCma®) "

F_z S(hTmay (.‘” ‘5-;')/ »

i

we note that tie forced ecillations of tong thad 888 due Lo the force .

—
D can be obtained as a simple superposition of seetfigRfame which are g

- causcd by definite harmonics of the form: L E
i
?

};.‘3*5(2:""%1")‘ (5) F

Thege harmonics, of course s are not ordinary electro-magnetic waves
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(the velocity is v £ ¢j they Lave anather law of dispereion; and they

are not trangverse), Sinee, however, tie polaren's dimenslons exceed

the lattlce constant there will predeminate in Fourler Expansion (6)

harionics whoege wavelength aleo exceed Lhe latbiee econstant, In this

case tue problem reduces to the well known definite case of long waves

and one ean, in a disenselon of the forend cscillations ef iens, replace

Liw uarmonics (8) by eleelromapnetiec waves whese induetion vector has

bLlie same amplitude and frequeney, This substitution permits one te

express the polarivation of a dieleciric Ly a dieloctric constant €(w)

that detormines Lhe c._iiﬂmrsjon of electromasnctic waves in a crystal:
F=ge @) D gt c)= gk (9

Tt is necessary Lo keep in mind, in drawing conclusions from the oxe-

pression for C(w), that ? is murely tne inertial part of specilic

polarization /727, 1t 1o ussumed that tio erystal is polarized %

iso¥opically, |

The relabions (9) are tie solution for the equations of forced
oseillabions. bauabions (2), (L), (9) detormine tho functions_\D.,
"’E, and psi (wave-function). Obviously all threc equations can

satisfy simultaneously functions of the form (5). ol

N — 2 v
Clw,) ==Cp Gy 7 (10)
— ey — . 1¢f — €o . :
where Co == 772 frgy 79 C2 == wp 2 (11) P

here Ld/ is the limiting frequency of the optical oscillations of the H ;
ions (which mus’;, not be confounded with "frequency of dispersion"), L)

Since we have:

-t ’ 2 — ) b
w: Qe"(#—"wkf)z _ 2 ) e,a(?r—w,;z‘)

272 (111)
it is convenient to write the equations of forced oscillations (9) in ‘:
a 'sunmed' form: oo . => —_— ___L CWE 2D P
™ perr= #3002 35] g
(12) :

L otr 1o determine the effete mass ofa potaren 1k peessory
B cattufate He cnergy (10 with an acturacy vp 7o ferm's of Me order v*
Kbepring Hus i mntsd] anet ithe gated pess oF ewy (we dsregare ;ré.rw;a//aﬂ /e

The /'may,'nmy /an‘ty‘é’(w), '&E(w)), we set up Caw) /i 7%@74/% afa ceries: !
) |
i

1 S

. o 3 Py oot e . iy - 5 .
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B Nov\L\t 18 easy to obtain the expresaien fer tne energy Up of a oryetal,

Keapinz in mind that te work perforued per unit time on unit velume of

a erystal is: :Z, — w '[C'a _ ¢, .j

and setting tuo enercy of a unit velume equal to zuro when there is ne

(13)

fdeld (Uhat ie vien tie ps:j.aron ie far a.way), we oLtain:
— 3(.‘»
4 =ty / Dd Bty (1L)
Swosbituting (12) and (1!4) into tie expression for tLe enerpy
ol the syotem (1), we eblain:
” -
- 2/ Lo [3 . Cz (%, -
}/“‘:/(/QPV/Q T {37/22¢Jf‘ )P Wi . (15

| the ease for an immobile polaren (namoly, V=0, D=0 ) was

digeusuod in detail by one of the authors in provious works /72, 3/,
There wag obtainud the pround state of tho polaron: ;ﬁ ==% (/"")
)
and the corresponding enwrsy:
2
) == 0,05 47 (/46" /?‘ )Co (16)
Taking this solution as the zero approzimation and passing to

the cage of a uniformly moving polaron, one can show that the wave-

function and the energy recoive small corrections if the velocity satisfies:

V7,0, (17)

. T—
A

where /7, io tie radius of the polaron L[27.

Z
The energy is written, with an accuracy up to terms of the order V',

‘;:‘ in the form: c. T z

PENTN TS
i H=H+5Mr*, M=3"Z[Jé“rbi%7)”‘r+@j
: 0

If wo insert D fU 7 from /73 7, the effective mass of bhe polaron turns

out to equal: .éf
M::‘J'-a'/o /%‘E‘/E <, Cz "'"?05/(/ /77360 Q 3/37/775 (19)

where /77 is tie mass of a free electron and /LL is the effective °

o mass of an electron in an old conductivity wone, Ordinarily M is

KNOTE: Q= 2 rjo;“[q»g] dJL _

-6 - ‘ S
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canaideral.ly greater than tLue masa of an electren (for NaCl erystal it
ia 132 tlwes groazer),

Taling inte consideralien the motlen of a polaren in an external
electrical f1ald B and comparing the power pencrated by this field with
the Inerament in energy (10) per sacond, we obtaln fer a pelaron the
ordinary equation ef metion - .

/"/t; = e £ ' (20)

It io apsumed above that the uniform motien af a pelaren io consera
vative; that is, that the harmonice (0) sustain the slatlonary forced og-
eillationo of the iens, but do nel rencrate nabural nseillations (licat
is roleaged). In this sitnabien occurs a cortain damping ol the polaren,
The energy released Ly a pelaren to the labtice can e formally caleulated
as the adgorpbion in the ervatal of the alove-mentioned uluctromarmebic
wavas oquivalent to bie lurwonies (G). Sueh a ecalevlutdon showod that
the damping force is proportional to the volocity, but the mobility of the
polaron in an external field equale:

(mobility) U ==0262"'/0 3%-5%-2:;2} c7550/t/7’p nts. (21)
The coclficient k is determined axperimentally by moasuring the
adsorption of electromapnotic waves in a crystals namely, == A& ig

the dmaginary patt of the index of refraction of a crystal Lor waves

with a frequency w <K &), |, fThe damping force 7$? 18 exprecsed in
terms of mobility and speed of a poluron by the following formula:

k

Disregarding weak damping and quantizing the polaron's motion as

(22)

a whole (without a field), one can be convinced that bhe motion is des-
cribed by plane waves (like the motion of the centroid of any complex
particle with internal deprees of freedom), Therefore, tie dependence of
the density of energy levels of a polaron's forward motion upon its
kinebic energy has the same form as in the case of a free particle with

a mass M and spin &,

G@??f@ ‘!HM
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The thermodynamically=-equilibrial concentration of polegens is

‘" given Ly the nsual Formula; 3

] 7 == 7‘9?; '(?W'/V//é 77—2 e (E=HY, AT: (220)

vhere ieta g 18 tie cienleal potential of the electrons in the crystal,

Howcver the coefflcient of Lhe expenential Lactor 1s ordinarily many erders

preator tian in tie case of electrens, ‘hanks to the interaction of ;
polarens witih thermal oseillalions of ions, a Maxwellmeem distritution f

of the speeds of polarens is eatablished,

L 4
Institule of pu eieal Problems,
Acadomy of Ueiences of the USSK. Subiitted to the
Institule of f;hyaics, Acadeny dditor 20 Jan 1948,

of Sciencen of tho Ukrainian SSR,

e T
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